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Cytochemical localisation and characterisation of
proteoglycans (glycosaminoglycans) in the epithelial-stromal
interface of the seminal vesicle of the guinea pig
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ABSTRACT

The proteoglycans (PGs) in the guinea pig seminal vesicle were demonstrated ultrastructurally by both
cuprolinic blue (CB) and ruthenium red (RR) staining. The PGs appeared as electron-dense granules with
RR, but were filamentous following CB staining using the critical electrolyte concentration method. Three
major types of PGs (T1, T2, T3) have been described according to their different locations and sizes. T1
filaments were short and were found mostly on both sides of the lamina densa of the basal lamina of the
glandular epithelium (4060 nm long) and also on the basal laminae of smooth muscle cells and capillary
endothelial cells (20—30 nm long). In the epithelial basal lamina they were regularly spaced at an interval of
40-60 nm. T1 filaments in the lamina densa were smaller and more randomly distributed. Cytochemical
characterisation of these PGs by various GAG degrading enzymes showed that T1 PGs are rich in heparan
sulphate. T2 filaments were 3040 nm long and closely associated with the collagen fibrils. They were
arranged perpendicular to the long axis of collagen fibrils, also at intervals of about 60 nm. T2 filaments
were removed by chondroitinase (Ch)-ABC, Ch-ABC plus Streptomyces (S)-hyaluronidase and pronase, but
resistant to nitrous acid, heparitinase, heparinase, neuraminidase and S-hyaluronidase. These show that T2
filaments are rich in dermatan sulphate. T3 filaments (60-100 nm) were widely distributed in the stroma at
sites such as the interstitial spaces of the lamina propria, the reticular layer below the basal lamina, around
individual collagen fibrils or bundles of such fibres, and on the cell surfaces of fibroblasts. The T3 filaments

were removed by Ch-ABC, Ch— AC and pronase but were resistant to heparitinase, heparinase, S-
hyaluronidase, neuraminidase and nitrous acid. They are therefore rich in chondroitin sulphate.

INTRODUCTION

Proteoglycans (PGs) are large extracellular molecules
each consisting of a core protein to which the
glycosaminoglycans (GAGs) chains and various O-
linked and N-linked oligosaccharide chains may be
covalently attached (Hascall and Hascall, 1981).
PGs are important components of the extracellular
matrix and basement membrane but they can also be
associated with the cell membrane either as integral or
pericellular components (Kjellen et al. 1980, 1981;
Nordling et al. 1981; Rapraeger and Bernfield, 1983,
1985; Bernfield et al. 1984; Rapraeger et al. 1985,
1986, Hayashi et al. 1987). PGs are not now
considered to be passive, inert molecules and they are

known to play an important role in maintaining the
structural, physical and biological properties of
extracellular matrices. They also play a role in
regulating the interactions between cells and their
environment (Hook et al. 1984), which are important
for normal cell growth and development, and for the
maintenance of cellular function (Bissell et al. 1982;
Hay, 1984). Because of their polyanionic nature, they
can inhibit or regulate the diffusion of other macro-
molecules across basement membranes, control the
access of important regulatory molecules to the cell
surface such as growth factors and hormones, and
influence local cation balance, especially that of Ca?*
(Obrink et al. 1975; Kanwar, 1984; Lerner and
Torchia, 1986; Thomas and Gimenez-Gallego, 1986;
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Ingber et al. 1987; Roberts et al. 1988). Those PGs
located at the epithelial-stromal interface, including
the basal lamina, have been shown to be involved in
a number of cellular phenomena such as cell-matrix
interactions, cell migration, cell morphology, and
growth and branching morphogenesis of exocrine
glands (Tool, 1981 ; Bernfield et al. 1984; Hay, 1984;
Reddi, 1984). These effects are primarily due to the
polyanionic nature of PGs, their expanded con-
figuration in tissues and their ability to interact with a
variety of extracellular matrix components. Alter-
ations in PGs have been detected in a number of
pathological processes such as malignancy, athero-
sclerosis and inflammation. These qualitative and
quantitative changes in PG composition may sig-
nificantly influence the behaviour of proliferating cells
by producing a hydrated environment which favours
cell migration and growth (Iozzo, 1985).
Surprisingly little is known of the role of PGs and
their metabolism in the normal and abnormal growth
of male accessory sex glands. Sato & Gyorkey (1972)
have studied prostatic GAGs in relation to the zinc
content of the normal human prostate. They demon-
strated biochemically that CS and DS are the
predominant GAGs. DeKlerk (1983), DeKlerk et al.
(1984) and DeKlerk & Human (1985) have also con-
ducted a number of biochemical studies on GAGs
in fetal and pubertal human prostate, and benign
hyperplastic and cancerous prostates. Four types of
GAGs: chondroitin sulphate (CS), dermatan sulphate
(DS), heparan sulphate (HS) and hyaluronic acid
(HA) have been identified biochemically in the human
prostate, although no HS was detected in fetal
prostate (DeKlerk, 1983). The stromal GAGs have
been shown to change during prostate development
(DeKlerk & Human, 1985). The levels of DS, HS and
HA sulphation appeared to correlate directly with
known periods of increased serum levels of testo-
sterone and epithelial growth. Increased amounts of
DS and HS were shown to occur during adulthood,
suggesting that prostatic epithelial proliferation at
puberty may be associated with changing GAG levels.
The level of CS increases both in benign prostatic
hypertrophy and prostatic carcinoma, while HS and
its sulphation are decreased in prostatic carcinoma
(DeKlerk et al. 1984). The GAG content appears to
fluctuate with changes in hormonal milieu. The
concentration of GAGs in the seminal vesicle and
prostate of the rat has been shown to change (the level
of uronic acid increases) on castration and testo-
sterone administration after orchidectomy (Kofoed
et al. 1971). Rzeszowska (1966) has shown histo-
chemically that the acid mucopolysaccharides (or

GAGs) in the seminal vesicle are reduced after
castration or oestradiol treatment, but increased by
exogenous testosterone administration.

Chan and Wong (19894, b) have recently shown
that in the guinea pig lateral prostate 3 different
classes of PGs can be identified. Those associated with
the basal lamina are mainly HS, while those attached
to stromal collagen fibrils are DS. CS PGs are largely
found in the interstitial space. The present report
described the localisation and characterisation of PGs
in the seminal vesicle of the guinea pig.

MATERIALS AND METHODS
Cuprolinic blue and ruthenium red staining

Fifteen adult male guinea pigs weighing 700-800 g
were used in this study. The animals were perfused
with either (1) 2.5% glutaraldehyde and 2% para-
formaldehyde in 0.1 M cacodylate buffer at pH 7.4
(before RR staining), or (2) 2.5% glutaraldehyde in
0.025 M sodium acetate buffer at pH 5.6 (before CB
staining). The mildly prefixed seminal vesicles were
excised and trimmed into small blocks. The tissue
blocks were processed further either by the cuprolinic
blue (CB; BDH Ltd, UK) or the ruthenium red (RR;
Taab, UK) staining procedures as outlined previously
(Chan & Wong, 1986b). After staining, the tissues
were dehydrated with ethanol and embedded in Epon.
Thin sections were cut, stained with uranyl acetate
and lead citrate and examined either with a Philips
EM 300 at 60 kV or a JEOL EM 2000 FX electron
microscope at 80 kV.

Enzymes, nitrous acid and MgCl, treatments

The procedures for treatment with different glyco-
sides, nitrous acid and MgCl, were the same as
described previously (Chan & Wong, 1989a). The
detailed conditions of different treatments are listed in
Table 1. For enzyme and MgCl, treatments, the fresh
unfixed tissue blocks were incubated in different
enzyme solutions or 2.0 M MgCl, in 0.025 M sodium
acetate buffer for various times. For nitrous acid
digestion, the tissues were prefixed in 2.5% glutar-
aldehyde in 0.025 M sodium acetate buffer at pH 5.6
for 2 h before incubating in nitrous oxide. Protease
inhibitors, 5 mM benzamidine-HCl and 0.1M, 6-
amino-n-caproic acid (Sigma Chemical Co., USA),
were added to all incubation solutions in order to
prevent any nonspecific protease digestion (Hedman
et al. 1983; Van Kuppevelt et al. 1984 5b). After the
enzyme, MgCl, or nitrous acid treatments, the tissues
were reacted by the CB staining procedure at the
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Table 1. Enzymatic and chemical treatments used for characterisation of cuprolinic blue-positive filaments

Duration/
Treatment* Concentration Buffer—pH temperature Reference
Chondroitinase ABC (Proteus vulgaris) U/ml 0.25M Tris, 0.18 M NaCl, 1-3hat37°C Saito et al. (1968)
0.05% BSA, pH 8.0
Chondroitinase AC (Arthrobacter 1 U/ml 0.25M Tris, 0.18 M NaCl, 1-3hat 37°C Saito et al. (1968)
aurescens) 0.05% BSA, pH 8.0
Heparinase I (Flavobacterium heparinum) 5 U/ml 0.1 M sodium acetate, 1-3h at 37°C Linker & Hovingh
0.15M NaCl, pH 7.0 (1972)
Heparitinase + heparinase II (Flavo- 5U/ml 0.1 M sodium acetate, 1-3h at 43 °C Linker & Hovingh
bacterium heparinum) 0.15M NaCl, pH 7.0 (1972)
Hyaluronidase (Streptomyces hyaluroly- 50 U/ml 0.1 M sodium acetate, 90 min, 2, 3h at Saito et al. (1968)
ticus) 0.15M NaCl, pH 5.6 37°C
Chondroitinase ABC + Streptomyces 1U/ml+50 U/ml — 2,3,24hat4°C —
hyaluronidase

Neuraminidase (Clostridium perfringes) 1 U/ml

Pronase + protease type XIV
(Streptomyces griseus)
Nitrous acid

15 U/ml

339% acetic acid —
+5% NaNO,
mixed 1:1
MgCl, 20m

0.1 M sodium acetate,
0.15M NaCl, pH 5.4

0.25M Tris, 0.18 M NaCl,
0.05% BSA, pH 7.4

0.025 M sodium acetate,

1-2h at 37°C Kanwar & Farquhar
(1979¢)
45 min, 2 h at 37°C —

2,3,24hat4°C  Cifonelli (1968)

2hat4°C Van Kuppevelt et al.

pH 5.6 (1984 b)

* All enzymes were purchased from Sigma Chemical Co., St Louis, MO.

critical electrolyte concentration (CEC) (Scott, 1980)
for the PG demonstration.

RESULTS
Ultrastructural localisation of proteoglycans

Two staining procedures were applied to demonstrate
PGs (or GAGs) at the ultrastructural level: (1)
staining with CB using the CEC method, followed by
in block staining with sodium tungstate; (2) staining
with RR.

Cuprolinic blue staining

PGs (or GAGs) were visualised as various electron-
dense filaments after staining with CB according to
Scott’s (1980) CEC method. They appeared as dense
filaments at high concentrations of MgCl, (0.3, 0.4 M),
while at low concentrations of MgCl, (0.025 M), in
addition to the filamentous forms, granular electron-
dense particles were sometimes seen. The results
presented here were based on observations at high
MgCl, concentration (0.3 M). According to their sizes
and locations, 3 different types of CB-stained filaments
could be distinguished. They were designated as type
1 (T1), type 2 (T2) and type 3 (T3) filaments.

Like those reported in the guinea pig lateral prostate
(Chan & Wong, 1989 a), T1 filaments were observed in
the basal laminae of the glandular epithelium, smooth

muscles and capillary endothelium of the seminal
vesicle (Figs 1-3). In the epithelial basement mem-
brane, they were mostly located on both sides of the
lamina densa, and some could also be seen within the
lamina densa. Those filaments located in the lamina
lucida and on the stromal side of the lamina densa
appeared to be more electron-dense and larger in size
and number than those in the lamina densa. The
former had a length of 40-60 nm while those in the
lamina densa, which usually appeared granular,
measured 10-20 nm in diameter. These filaments
appeared to be in a plane parallel to the lamina densa
and equally separated from each other. Those TI
filaments in the lamina lucida were separated from
each other by an interval of 40-60 nm, while those on
the stromal side of the lamina densa were separated by
80-100 nm in CB-stained specimens.

T1 filaments were also demonstrated in the basal
lamina of vascular endothelium. Those located in the
lamina lucida and on the stromal side of the lamina
densa appeared to be larger (~ 30 nm by CB), while
those in the lamina densa were granular and smaller
(10 nm by CB and RR), and less electron-dense. The
latter were randomly distributed in the lamina densa.

- T1 filaments seen in the basal lamina of the smooth

muscle cells were located mainly in the lamina densa
(Fig. 3). They appeared to be smaller (~ 20 nm by
CB) than those located in the epithelial basal lamina.
The lamina lucida of the smooth muscle cell basal
lamina was usually not well defined.
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Fig. 1. Transmission electron micrograph of seminal vesicle stained with cuprolinic blue (CB) in 0.3 M MgCl,, showing CB-T1 (77) filaments
in the basal lamina (BL) of the epithelial cell). The T1 filaments are seen arranged regularly in the lamina lucida (LL) and the stromal side
of the lamina densa (LD). Note the T3 (73) filaments in the reticular layer. x 66500.

Fig. 2. Another region in the epithelial basal lamina showing again T1 filaments in the basal lamina, T3 filaments in the interstitial space
and T2 filaments closely associated with collagen fibrils. x 66 500.

Fig. 3. The basal lamina of smooth muscle cell appears to have only a single layer of T1 filaments on the outer surface of the lamina densa.
x 69000.

Fig. 4. T2 CB-filaments are seen closely associated with collagen fibrils (72). Note that some CB filaments are lying parallel to the long axis
of collagen fibrils (arrowhead). x 148000.

Fig. 5. Micrograph showing the CB-T3 filaments closely associated with the surface of a fibroblast (arrows). Fine filaments are also seen
projecting from the CB filaments. x 50000.



Fig. 6. Micrograph of seminal vesicle tissue stained with ruthenium red (RR). RR type 1 granules (7/) are located mainly on the lamina
lucida (LL) and the stromal side of lamina densa (LD) of the epithelial basal lamina. They are separated from each other by an interval of
60-70 nm. The T2 and T3 granules (72, T3) are also found in the reticular layer. x 130000.

Fig. 7. The T1 granules (7/) are demonstrated in the lamina densa of the smooth muscle. They appear to be smaller (~ 10 nm) and less
electron-dense than those located in the epithelial basal lamina. x 72000.

Fig. 8. The T1 RR-granules (/) are located on both sides of the lamina densa and the lamina densa of the capillary endothelium. x 70000.
Fig. 9. The T2 PGs associated with the collagen fibrils ar stained as granules (72) by RR. These granules are seen lying regularly on the
surfaces of collagen fibrils. x 74000.

Fig. 10. Micrograph showing the PGs after RR staining. Fine networks of filaments (arrowheads) connecting the PG granules to one another,
to collagen fibrils or to the basal lamina are clearly shown. x 73000.
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T2 filaments measuring 40 nm in length were seen
to be closely associated with the collagen fibrils (Fig.
4). The patterns of PG—collagen fibril interaction were
better shown with the use of the CB/CEC method.
The CB-positive filaments lay perpendicularly to the
long axis of fibrils and were separated from each other
by an interval of 60 nm. At higher magnification, the
filaments were found to be linked to the D band of the
collagen fibril. Some CB-stained filaments (40—45 nm
in length) were seen lying parallel to the fibrils (Fig. 4).

Finally, the third type (T3) of CB-stained filaments
was heavily stained and of variable size. These
filaments measured 60-80 nm in length. They were
located in several places in the lamina propria: (1) in
the reticular layer (pars fibroreticularis) below the
basal lamina (Fig. 1); (2) at the surface of collagen
fibrils (Fig. 2); (3) in the interstitial spaces of the
lamina propria; and (4) at the cell surface of
fibroblasts (Fig. 5). Fine filaments were sometimes
seen projecting from the CB-stained filaments.

Ruthenium red staining

By RR fixation and staining, the PGs (or GAGs) were
revealed as electron-dense polygonal granules. Ac-
cording to their sizes and locations, 3 main types of
RR-stained granules were again observed. They were
accordingly designated as T1, T2 and T3 granules
(Fig. 6). Their distribution and locations resembled
the filaments (T1, T2 and T3) stained by CB.

The RR-stained T1 granules, measuring about
10-20 nm in diameter, appeared on both sides of the
lamina densa of the basal lamina. They were regularly
spaced with an interval of about 40-60 nm between
them in both the lamina lucida and the stromal
surface of the lamina densa. The RR-stained granules
located in the lamina lucida were sometimes seen
connected by very fine filaments (~ 3 nm) to the
epithelial plasmalemma on one side and the lamina
densa on the other. Such a structural relationship was
also demonstrated between the RR-stained granules
on the stromal side of the basal lamina and the lamina
densa. The RR-stained granules were also found in
the basal laminae of the smooth muscle (Fig. 7) and
endothelial cells (Fig. 8).

T2 granules, measuring 10-20 nm in diameter, were
found closely associated with the collagen fibrils (Figs
6, 9). They were seen regularly arranged and separated
from each other, with an interval of about 60 nm
corresponding to the D band period of the collagen
fibrils.

T3 granules were present in different sites in the
lamina propria, and their sizes ranged from 30 to

60 nm. At times several large electron-dense RR-
stained granules formed chains linked together by a
fine filament (~ 5nm) (Fig. 10). In addition, T3
granules were also observed on the surface of
fibroblasts, around bundles of collagen, particularly
the loosely packed collagen fibrils, and in interstitial
spaces adjacent to the epithelial basal lamina.

These RR-stained granules could still be seen when
the tissues were fixed in the same concentration of RR
in 0.1 M veronal-acetate-HCI buffer at pH 2.5, thus
indicting the presence of sulphate groups in the RR-
positive binding sites, because carboxyl groups are
hardly ionised at such a low pH.

Cytochemical characterisation of cuprolinic blue-
stained proteoglycans in the seminal vesicle

CB-positive filaments were characterised by treating
the tissues with a number of GAG-degrading enzymes
and nitrous acid. A summary of the effects of the
various treatments on the CB-positive filaments is
given in Table 2.

Basement membrane CB-positive filaments. The CB-
positive T1 filaments localised in the basal laminae of
secretory epithelium, vascular endothelium and
smooth muscle cells were no longer visible after treat-
ment with heparitinase (Fig. 11) and nitrous acid (Figs
12, 13). Neither heparitinase nor nitrous acid could
remove completely the CB-stained filaments on the
stromal side of the lamina densa of the capillary basal
lamina (Figs 12, 14). Moreover, digestion with
chondroitinase (Ch)-ABC (Fig. 15), Ch-AC (Fig. 16),
heparinase (Fig. 20), neuraminidase (Figs 17, 18) and
Streptomyces hyaluronidase (Fig. 19) had no effect on
these T1 filaments, but they were partly removed after
treatment with 2.0 M MgCl, without prefixation (Fig.
21). After digestion of tissue with pronase, without
prefixation, no filaments could be detected. These
results suggest that the CB-positive filaments in the
basal laminae of the seminal vesicle are HS-containing
PGs.

Collagen fibril-associated CB filaments. The collagen-
associated T2 filaments disappeared after digestions
with Ch-ABC (Fig. 15) and pronase. Treatment with
nitrous acid, heparinase, heparitinase, neuraminidase
and Streptomyces hyaluronidase had no effect on the
CB-T2 filaments (Figs 1, 12, 17, 19, 20), nor could Ch-
AC completely remove them (Fig. 16). Furthermore,
treatment of the tissue with 2.0mM MgCl, before
fixation partly removed T2 filaments (Fig. 21). These
results indicate that the CB-T2 filaments are PGs rich
in iduronic acid containing dermatan sulphate.
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Table 2. Effects of various enzymatic treatments on CB-stained proteoglycans in seminal vesicles

Basement Collagen-
membrane  associated  Interstitial
filaments filaments filaments
Treatment Specificity (T1) (T2) (T3)
Chondroitinase ABC Chondroitin 4-sulphate, + - -
chondroitin 6-sulphate and
dermatan sulphate
Chondroitinase AC Chondroitin sulphates, hyaluronic + * -
acid and dermatan sulphate which
contains a glucuronic acid
Nitrous acid Heparan sulphate and heparin — + +
Heparinase Heparin + + +
Heparitinase Heparan sulphate - + +
Neuraminidase Sialic acid +
Streptomyces hyaluronidase Hyaluronic acid + + +
Chondroitinase ABC + Hyaluronic acid chondroitin sul- + - -
Streptomyces hyaluronidase phate and dermatan sulphate
Pronase Proteins - - -
2.0 M MgCl, Breaks ionic bonds + -

—, CB filaments unaffected
+, CB filaments partially affected
+, CB filaments absent

Interstitial CB filaments. The CB-positive T3 filaments
were no longer detectable after digestion with Ch-
ABC, Ch-AC and pronase (Figs 15, 16). The filaments
were resistant to treatment with nitrous acid, hepar-
itinase, heparinase, S-hyaluronidase and neur-
aminidase (Figs 13, 17, 19). Extraction with 2.0M
MgCl, removed most of the T3 filaments (Fig. 21).
This indicates that the T3—CB filaments represent PGs
containing CS.

DISCUSSION

There have been no systematic studies on the
ultrastructural localisation and characterisation of
PGs in the male accessory sex glands of any species of
mammal including man. Chan & Wong (19894, b)
have recently demonstrated the localisation of PGs of
the lateral prostate of the guinea pig. The present
study has demonstrated at the electron microscopic
level the distribution of the GAGs/PGs at the
epithelial-stromal interface of the seminal vesicle of
the guinea pig. They appear to have different shapes
depending on the kinds of dyes and methods em-
ployed. They appeared as filamentous forms by CB
using the CEC method, but as granules when RR was
used. The precise mechanisms of reactions between
CB or RR with PGs are not known. It is believed that
with the CEC method the CB dyes are held together
by Van der Waals forces to form a complex which acts
as a scaffold binding stoichiometrically to the poly-
anionic GAG chains, so forming an extended complex

which collapses on to the core proteins of the PGs.
This renders the PGs visible as filaments (Scott, 1985).
As for RR staining, the visualisation of the PGs is
believed to result from the condensation of the GAG
chains on to the coiled core protein to form dense
granules of different sizes depending on the length of
the GAG chains (Hascall, 1980). In contrast to CB,
RR molecules are not held together to form a complex.
As has been shown by Chan & Wong (1989 ) in the
prostate gland, the 3 types of filaments (T1-T3)
resulting from CB staining are analogous with the 3
sizes of granules (also designated as T1-T3) in RR-
stained specimens. The differences in sizes and
location of these PGs suggest that they may differ in
chemical composition and their role in the tissues.

Basal lamina PGs

The results showed that PGs are present in the basal
laminae of the glandular epithelia, smooth muscle and
endothelia of the seminal vesicle. They were present
mostly on both sides of the lamina densa of the
epithelial and endothelial basal laminae. However, in
the basal lamina of the smooth muscle cells the T1
PGs lay mainly in the lamina densa. The basal lamina
PGs visualised by CB and RR appeared more or less
similar in size in the prostate gland and seminal
vesicle. However, differences in size and electron
density were observed between those in the lamina
lucida (40-60 nm by CB; larger and denser) and
lamina densa (10-20 nm by CB) of the epithelial basal
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Fig. 11. Heparitinase digestion. Heparitinase digestion completely removes the CB-T1 filaments in the basal lamina (BL) of epithelial cells.
However, heparitinase has no effect on the CB-T2 filaments (arrows). x 59000.

Fig. 12. Same treatment as in Figure 11, but showing the basal lamina of capillary endothelium. Note that a few CB filaments (arrowheads)
can still be seen on the stromal side of the lamina densa. The T2 filaments are not affected by heparitinase digestion. x 50000.

Fig. 13. HNO, treatment. The results are identical to heparitinase digestion. HNO, eliminates all CB-T1 filaments in the basal lamina (BL)
of glandular epithelium. CB-T2 and T3 filaments are unaffected. x 84800.

Fig. 14. HNO, treatment. Note a few CB-T1 filaments (arrowheads) on the stromal side of the lamina densa of the capillary basal lamina
(BL). x 100000.

Fig. 15. Chondroitinase-ABC digestion. Ch-ABC has no effect on the CB-T1 filaments (77), while CB-T3 filaments in the interstitial spaces
and around collagen fibrils as well as the T2 filaments are removed. x 125000.
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Fig. 16. Chondroitinase-AC treatment. The T2 filaments (72) remain after chondroitinase AC digestion. The T3 filaments are not seen in.
the reticular layer. Note also the T1 filaments (7/), which still remain in the basal lamina. x 54000.
Fig. 17. Neuraminidase digestion. Neuraminidase has no effect on any of the types of epithelial CB-filaments (71, T2, T3). x 57000.
Fig. 18. The T1 filaments of capillary endothelium persist after neuraminidase digestion. x 42 500.
Fig. 19. Streptomyces hyaluronidase digestion has no effect on any of the 3 types of CB filaments. x42500.
Fig. 20. Heparinase I digestion. The T1 and T2 filaments can still be seen after heparinase digestion (T1 and T2). x 60000.
Fig. 21. MgCl, extraction. High electrolyte concentration (20 M MgCl,) does not completely remove all types of CB filaments (71, 72, T3).
x 34000.
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lamina and between those in the epithelial (larger) and
smooth muscle (smaller) basal laminae. Variations in
the size and shape of CB-stained PGs in the same
basal lamina have been described in the basal lamina
of human endothelial cells and rat parietal yolk sac
(Iozzo, 1985; lozzo & Clark, 1987). Biochemical
studies have shown heterogeneity of molecular size
within the same basal lamina. Two different forms of
PGs (low-density and high-density forms) have been
isolated from the basement membrane of the EHS
(Engelbreth-Holm-Swarm) tumour (Fujiwara et al.
1984 ; Dziadek et al. 1985; Hassell et al. 1985). They
are shown to differ in their core molecular species and
GAG chain structures (Kato et al. 1987).

It is of interest to note that the T1 filaments (and
also T1 granules) in the lamina lucida, as well as on
the stromal side of the lamina densa, are regularly
separated from each other by an interval of about
40-60 nm in the former and 80-100 nm in the latter.
The regular repeating arrangement of stained PGs is
not unique to the seminal vesicle. It has been described
in the lamina lucida of a number of basement
membranes of tissues such as cornea (Trelstad et al.
1974), embryonic salivary gland (Cohn et al. 1977;
Spooner & Paulsen, 1986), glomerulus (Kanwar &
Farquhar, 19794), pulmonary alveolus (Vaccaro &
Brody, 1979; Van Kuppevelt et al. 19844, 1985),
mammary gland (Gordon & Bernfield, 1980), and
prostate gland (Chan & Wong, 1989 a). These specific
regular arrays of PGs in the lamina lucida indicate the
highly ordered organisation of the basement mem-
brane components, which consist of type IV collagen,
laminin, HSPGs and entactin/nidogen (Martinez-
Hernandez & Amenta, 1983; Martin & Timpl, 1987).
Type IV collagen, located mainly in the lamina densa,
forms a continuous network to which other com-
ponents are attached. HSPGs have been shown to
bind specifically to both laminin and type IV collagen
(reviewed by Yurchenco et al. 1987; Martin & Timpl,
1987). At high magnification, very fine filaments were
seen to project from the RR-positive T1 granules. The
nature of these very fine linking filaments is not
known. Similar fine strands have been described
crossing the lamina lucida and reaching the cell
membrane (Inoue & Leblond, 1988). As PGs can
interact with other BM components, such as type IV
collagen and laminin, it is possible that these fine
filaments may represent these components. These
filaments join the RR-stained granules to the epithelial
cell plasma membrane and the lamina densa.

Cytochemical characterisation revealed that the
CB-stained T1 filaments of the basal laminae of the
glandular epithelia, capillary endothelium and smooth

muscle cells of the seminal vesicle represent PGs rich
in HS. The present results are consistent with those
found in the lateral prostate of the guinea pig (Chan
& Wong, 19895b) and most of the previous reports.

PGs are now recognised as important components
of the basement membrane. HSPGs have been shown
to be the major type of PGs found in most basement
membranes of normal tissues. They have been
demonstrated cytochemically in the basal laminae of
various tissues such as the renal glomerulus (Kanwar
& Farquhar, 19794, c¢; Laurie et al. 1984), mammary
epithelium (Gordon & Bernfield, 1980), lung alveolus
(Vaccaro & Brody, 1979; Van Kuppevelt et al. 19845,
1985), endothelium (Clowes et al. 1984; Ausprunk,
1986) and prostatic epithelium (Chan & Wong,
1989 5). HSPGs have been isolated and characterised
biochemically from a variety of basement membranes
such as kidney glomerular basement membrane
(Kanwar & Farquhar, 19795; Kanwar et al. 1981;
Parthasarathy & Spiro, 1981) and basement mem-
brane-producing tumours (EHS tumour) and tumour
cell lines (Oldberg et al. 1979; Hassell et al. 1980;
Oohira et al. 1982; Fenger et al. 1984 ; Fujiwara et al.
1984). However, CSPGs have also been demonstrated
and isolated from some basement membranes such as
mouse embryonic salivary gland (Cohn et al. 1977),
human term placenta (Parmley et al. 1984), fenestrated
capillaries (Simionescu et al. 1984), murine Reichert’s
membrane (Paulsson et al. 1985; McCarthy et al.
1989), rat embryonic parietal yolk sac (Iozzo & Clark,
1986, 1987), and rat Bowman’s capsule, epidermis and
skeletal muscle (McCarthy et al. 1989). Hybrid PGs
with both HS and CS side chains are found on mouse
mammary epithelial cells (Rapraeger & Bernfield,
1985) and EHS tumour (Kato et al. 1987).

HSPGs of basement membranes of the capillary
and smooth muscle appeared to be smaller in size and
less electron-dense than those of the epithelium. This
may indicate a difference in the type of HSPGs present
in different basement membranes. The difference in
their electron density may be a reflection of differences
in the sulphate content of the GAG chains, while the
difference in length of the CB-stained filaments may
be due to the difference in molecular weight of the
core protein. The fact that they still persisted after
extraction by 2.0 M MgCl, indicated that they were
firmly attached to the basement membrane.

The functions of basement membrane PGs are still
not well understood, and some functions have been
postulated including selective filtration in renal glom-
eruli and capillaries (Kanwar et al. 1980; Kanwar,
1984), maintenance of normal structure and function
of tissue (Martin et al. 1984; Paulsson et al. 1986;



Proteoglycans of the Seminal Vesicle

Martin & Timpl, 1987), interactions with growth
factors (Thomas & Gimenez-Gallego, 1986; Ingber
et al. 1987; Roberts et al. 1988) and extracellular ions
(Obrink et al. 1975; Lerner & Torchia, 1986),
formation of basement membrane (Laurie, 1985) and
regulation of cellular differentiation and development
of glandular morphogenesis (Cohn et al. 1977;
Bernfield et al. 1984; Bernfield, 1984; Hay, 1984; Li
et al. 1987).

Collagen-associated PGs

T2 PGs, 2040 nm in diameter on CB staining, have
been shown to be associated with collagen fibrils in the
stroma. Two types of associations between the CB-
stained PGs and collagen fibrils were observed:
orthogonal (perpendicular) and axially parallel. Most
of the stained PGs were seen lying perpendicular to
the long axis of collagen fibrils. In CB—-CEC-treated
specimens, some T2 filaments were seen running
parallel to the collagen fibrils. Like the T1 filaments in
the basal lamina, perpendicularly arranged T2 fila-
ments were also evenly spaced at intervals of 60 nm,
very close to the D-band period (64 nm) of the
collagen fibrils. This regular spacing of the filaments
along the length of collagen fibrils is probably due to
their binding to a specific band of the collagen. Such
an orthogonal arrangement of PGs on collagen fibrils
has been described following the AB—CEC staining
method (Ruggeri et al. 1975; Schofield et al. 1975).
Scott and Orford (1981) and Scott et al. (1981), using
the CB—CEC method, have demonstrated the close
association of PGs with the a—e bands of collagen
fibrils in developing rat tendon. Thus the PGs are
located at the gap zones of the fibrils. Our present
study confirms such a relationship of the T2 filaments
with the D (a—e) band of the collagen fibrils. However,
the nature of the interaction of the parallel arranged
T2 filaments to the collagen fibrils is not certain. It is
known that PGs play a role in maintaining the
interconnection between collagen fibrils, hence the
mechanical properties of the collagen fibrils (Daniel-
son, 1982). They are also known to regulate collagen
fibril formation and their diameters by regulating the
extracellular condensation of tropocollagen molecules
(Obrink, 1973 ; Scott & Orford, 1981; Flint et al. 1984).

The CB-positive T2 filaments were removed by
digestion with Ch-ABC, Ch-ABC plus S-hyaluroni-
dase, and pronase. They were partly affected by Ch-
AC. However, they were insensitive to nitrous acid,
heparitinase, heparinase, neuraminidase and S-hya-
luronidase. The results indicate that T2 filaments are
PGs containing iduronic acid-rich DS. The partial
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removal by Ch-AC suggests that they may also
contain CS or DS of glucuronic acid. DS can be
considered as an isomer of CS in which a variable
proportion of D-glucuronic acid is converted to L-
iduronic acid by an epimerase. However, it is shown
that the formation of L-iduronic acid is generally
incomplete, and thus DS chains are hybrid molecules
with variable disaccharide units of either type (Frans-
son & Havsmark, 1970; Malmstrom et al. 1975). The
proportion of disaccharide units containing L-iduronic
acid varies widely. This explains the variable effect of
Ch-AC on T2 filaments.

DSPGs are widely distributed in tissue and occur in
relatively high concentration in fibrous connective
tissues such as skin, tendon, aorta, sclera, joint capsule
and cornea (Scott et al. 1981; Heinegard & Paulsson,
1984; Iozzo & Clark, 1986), which contain pre-
dominantly type I collagen. It has been shown that
GAG:s interact electrostatically with type I collagen
under physiological conditions (Scott, 1988). DS, with
a higher charge density than CS, has been shown to
bind more strongly to collagen fibrils than CS and can
thus increase the structural and mechanical strength
of the collagen fibrils (Danielson, 1982). PGs are
important in the process of fibrillogenesis. DSPGs
and CSPGs have been shown to inhibit fibril growth
in vitro when incorporated into type I collagen (Vogel
et al. 1984) and DSPGs have been shown to be able to
precipitate collagen monomers from solution (Obrink,
1981). They may therefore play a key role in the
regulation of collagen fibril assembly and the mech-
anical strength of collagen fibrils. During tissue
maturation the collagen-associated GAGs in rat
tendon have been able to shift from CS to DS, which
is the predominant PG in the adult tissue (Scott &
Orford, 1981). This is probably related to the increase
in mechanical strength of the collagen fibrils.

DeKlerk & Human (1985) have studied the GAG
content in human fetal and pubertal prostate and
have shown that CS is the major GAG of the fetal
prostate. It decreases from birth to puberty, while DS
is the major GAG at all ages. This may reflect the
change in collagen fibrils and their mechanical
strength during development. The relative proportion
of CSPGs to DSPGs may reflect the degree of tissue
saturation or differentiation.

Interstitial PGs

T3 PGs have a wide distribution in the stroma
including the interstitial spaces, the reticular layer
below the BM, around the bundles of collagen fibrils,
and on the surface of fibroblasts. Their distributions
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are similar to those reported for prostate gland (Chan
& Wong, 19894). Their heavy CB-staining, at high
concentrations of MgCl, (0.3M) and positive RR-
staining at low pH (2.5), show that they are rich in
sulphated groups.

It is of interest to note that PGs are more
concentrated in stroma with fewer collagen fibrils and
lamina propria within the epithelial folds, while they
are less numerous in regions where the stroma is more
compact and contains large amounts of collagen,
especially in regions close to the muscular layer.
Similar observations have been noted at the light
microscopic level for acidic GAGs by alcian blue at
low pH (Chan & Wong, 1991). This would support
the view that PGs are important in growth and
morphogenesis, and that epithelial cells in alveoli with
numerous epithelial folds are more active than cells in
alveoli with a distended lumen.

The fine filamentous structure revealed by speci-
mens treated with RR is interesting. Although the
nature of these interconnecting filamentous networks
is not known, they show the closely linked nature of
the stromal PGs among themselves and also with
other stromal components such as collagen, basal
lamina and stromal cells. These linking filaments may
represent hyaluronic acid, and the stromal PGs may
form large aggregates or networks by binding to the
hyaluronic acid through the link proteins, similar to
the well-known structure of the cartilaginous CSPG
(Hascall & Hascall, 1981). Corresponding structures
have been described in guinea pig prostate (Chan &
Wong, 19894a), embryonic cornea (Hay, 1978) and
aorta (Hascall & Hascall, 1981). The filaments in the
cornea are hyaluronidase-sensitive.

CB-positive T3 filaments were removed after treat-
ments with Ch-ABC, Ch-AC, Ch-ABC plus S-
hyaluronidase, pronase and 2.0 M MgCl,. They were
resistant to nitrous acid, heparitinase, heparinase,
neuraminidase and S-hyaluronidase. These suggest
that the T3 filaments represent PGs rich in CS.

CSPGs are found in many tissues such as cartilage,
bone, intervertebral disc, corneal stroma, ovarian
follicular fluid, aorta, skin and some embryonic
basement membranes (Heinegard & Paulsson, 1984,
Poole, 1986). The functions of the CSPGs in the
interstitial spaces are still not fully understood. Due to
their relatively large size, they can retain large
amounts of water and occupy large hydrodynamic
volumes during the hydrated state similar to the
cartilaginous CSPG (Hascall & Hascall, 1981). Their
irregular occurrence, especially prominent in stroma
which is loose in structure and with few collagen
fibrils, suggests that they may be involved in some

local processes such as growth and regeneration.
An increase in HA or CS/DS has been observed in
regenerating tendon, liver, ear cartilage and during
wound healing (Reid & Flint, 1974; Shetler et al.
1978 ; Alexander & Donoff, 1980; Edward et al. 1980;
Hasty et al. 1981). Hassell et al. (1983) have described
a large CS/DSPG component in regenerating cornea.
However, this PG disappears when the transparency
of the cornea is restored.

The content of CS has been shown to be high in
fetal and neoplastic tissues (Sampaio et al. 1977;
Chiarugi et al. 1978). An increased amount of CS has
been noted in carcinoma of the breast, lung, liver,
colon and prostate (Takeuchi et al. 1976; Horai et al.
1981; Kojima et al. 1975, 1982; Iozzo et al. 1982;
Tozzo & Wright, 1982; Isemura et al. 1982; DeKlerk
& Human, 1984). CS has also been shown to stimulate
the growth of mammary carcinoma cells in vitro and
Ehrlich ascites tumour cells in vivo, whereas enzymes
that degrade CS can retard the growth of the tumour
cells (Ozzello et al. 1960; Takeuchi, 1965, 1972).
Inhibition of CSPG synthesis by B-D-xyloside has
been shown to inhibit branching morphogenesis in
mouse fetal salivary glands and kidney tubules
(Thompson & Spooner, 1982; Platt et al. 1987).
Similar treatment also prohibits the response of the
prostate gland and seminal vesicle of the castrated
guinea pig to androgen stimulation (Chan & Wong,
unpublished observations). Thus stromal PGs may be
important in local processes such as cell growth and
regeneration.

The fact that T3 PGs were found at the surface of
fibroblasts may indicate that they have a very intimate
relationship with these cells. Fibroblasts have been
suggested as being responsible for PG production
(Gallagher et al. 1983), and cell-matrix interaction
may be important for cell movement.

Relatively more CB-T3 filaments were noted on the
surface of fibroblasts which were in contact with the
BM. In vitro studies have indicated that the adhesion
sites of newly attached fibroblasts are enriched in both
fibronectin and cell-surface PGs (Rollins & Culp,
19794, b; Laterra et al. 1980; Woods et al. 1984). It
has been shown that fibronectin can interact with the
CSPGs at the cell surface of culture fibroblasts
(Perkins et al. 1979; Alitalo et al. 1980), and such a
binding can enhance the binding of fibronectin to
collagen (Dehm & Kefalides, 1978; Crouch et al.
1980; Tryggvason et al. 1980). However, it is not clear
at present whether these PGs on the surface of
fibroblasts represent newly synthesised PGs, or PGs
that are interacting with the cell membrane of the
fibroblasts. CSPGs found around collagen fibrils are
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thought to have a protective function on collagen
fibrils against the action of collagenases and proteases
by forming a negatively charged shield (Linares &
Laros, 1978). The function of CSPGs in the reticular
layer beneath the lamina densa is at present unknown.
However, their occurrence was irregular. Like the
PGs in the interstitial spaces, they were more
abundant in areas where the stroma had a loose
network of collagen, whereas in areas where collagen
fibrils were densely packed, PGs were sparsely
distributed. They may also provide additional support
to the basal lamina. It is also possible that those
regions of the reticular layer with abundant CSPGs
represent less mature regions, or regions with active
epithelial cell proliferation. The relationship of CSPG
with cell behaviour requires further study.
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